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Abstract
Long-distance entanglement is a very precious resource, but its distribution is very difficult due to
the exponential losses of light in optical fibres. A possible solution consists in the use of quantum
repeaters, based on entanglement swapping or quantum error correction. Alternatively, satellite-based
free-space optical links can be exploited, achieving better loss-distance scaling. We propose to combine
these two ingredients, quantum repeaters and satellite-based links, into a scheme that allows to achieve
entanglement distribution over global distances with a small number of intermediate untrusted nodes.
The entanglement sources, placed on satellites, send quantum states encoded in photons towards orbiting
quantum repeater stations, where entanglement swapping is performed. The performance of this repeater
chain is assessed in terms of the secret key rate achievable by the BB-84 cryptographic protocol. We
perform a comparison with other repeater chain architectures and show that our scheme is superior in
almost every situation, achieving higher key rates, reliability and flexibility. Finally, we analyse the
feasibility of the implementation in the mid-term future and discuss exemplary orbital configurations.
The integration of satellite-based links with ground repeater networks can be envisaged to represent the
backbone of the future Quantum Internet.
Keywords: Satellite links, Quantum repeaters, Quantum networks, Quantum Key Distribution, Quantum
Internet
1
ar
X
iv
:2
00
5.
10
14
6v
1 
 [q
ua
nt-
ph
]  
20
 M
ay
 20
20
Entanglement distribution between very distant
parties allows several interesting quantum-enabled
protocols to be performed, in the fields of quan-
tum communication [1, 2], metrology [3, 4, 5] and
distributed computation [6, 7]. However, achieving
this task over global distances (thousands of km) is
very daunting. The standard carrier of quantum in-
formation is light, sent through optical fibres. The
exponential losses experienced during the propaga-
tion limit the achievable distances to ∼ 200 km in
practice. The concept of a Quantum Repeater (QR)
[8, 9, 10, 11, 12, 13] has been introduced to counter
this problem. Such a device allows, using Quantum
Memories (QMs) [14] and protocols based on Entan-
glement Swapping (ES) or quantum error correction
[15], to connect several elementary links and enlarge
the achievable distance.
An alternative solution is represented by satellite-
relayed free-space channels. Satellite-to-ground opti-
cal links for quantum communication have already
been proven to be feasible with current technology
[16, 17, 18, 19, 20, 21, 22]. They allow, in the dou-
ble down-link configuration, to share entanglement
between two ground stations, at distances that far
exceed what can be achieved with direct fibre trans-
mission. Low Earth Orbit (LEO, altitude . 2000
km) satellites are preferred, because of the lower cost
and the shorter distance between the satellite and
the ground stations, which reduces the overall loss
in the channel. However, the maximum distance be-
tween the ground stations is limited to {1500−2000}
km, due to the additional losses encountered at low
elevation angles. This aspect makes intercontinen-
tal quantum communication not feasible with such a
scheme.
Figure 1: Pictorial representation of the scheme pro-
posed in this paper for long-distance entanglement distri-
bution, based on orbiting quantum repeater stations.
Through quantum repeaters, few of these satel-
lite links can be chained together to reach global dis-
tances. In this work we propose and study the scheme
pictured in Fig. 1, in which entanglement sources and
quantum repeaters are placed on board of satellites,
orbiting around the Earth in the string of pearls con-
figuration. This allows to connect two users on the
ground via free-space optical links outside the atmo-
sphere, achieving far superior distance-to-loss ratio
with respect to the standard fibre-based implemen-
tation. In this way, a small number of intermediate
nodes is enough to achieve entanglement distribution
over global distances at a reasonable rate.
We focus in the following on a specific applica-
tion of entanglement distribution, namely Quantum
Key Distribution (QKD). The secret key rate turns
out to be a good measure of the effectiveness of the
quantum repeater link [23]. We compare the perfor-
mance of the newly-proposed scheme with two other
quantum repeater configurations based on entangle-
ment swapping. The nomenclature used in the re-
mainder of the paper is the following, also schemat-
ically represented in Fig. 2: scheme OO (Orbiting
sources Orbiting repeaters) is our proposal, scheme
GG (Ground sources Ground repeaters) is the fibre-
based one and scheme OG (Orbiting sources Ground
repeaters) is the solution proposed in [24], where the
quantum repeater stations are on the ground. We
show that our configuration ensures, at the expense
of additional technical difficulty, better performance,
reliability and availability, as discussed in the next
section.
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Figure 2: Schematic comparison between the satellite-
based scheme OO (green arrows), the standard fibre-based
implementation (GG, in black) and the scheme studied in
[24] (OG, in red). Here S represent entanglement sources
and R quantum repeater stations. The incoming pho-
tons are heralded by Quantum Non-Demolition meau-
rement devices (QND) and the quantum information is
loaded into Quantum Memories (QM). Finally, the quan-
tum states are read and a Bell State Measurement (BSM)
is performed, as part of the entanglement swapping pro-
tocol.
In Sec. 1.1 we quantitatively estimate the perfor-
mance of the different schemes in terms of achievable
secret key rate and compare them. Afterwards, in
Sec. 1.2, we discuss pros and cons of the proposed
satellite-based scheme and then analyse two exem-
plary orbital configurations in Sec. 1.3. The results
are briefly summarized and discussed in the conclu-
sion, Sec. 2. Additional details on the simulations
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can be found in Sec. 3, regarding the error model
and the contribution of environmental photons, the
analysis of the orbits, the estimation of the satellite
link transmittance and the values of the parameters
used.
1 Results
1.1 Secret key rate and comparison
The quantum repeater architecture is designed as fol-
lows [25]. The total link of length L between the
two communicating parties A and B is divided into
2n elementary links of length l0 = L/2
n. Quantum
repeaters are placed at the connections between ad-
jacent elementary links, while entanglement sources
are in their central points (Fig. 2). The latter pro-
duce bipartite entangled states (in the following we
will consider qubit pairs), encoded in some degree
of freedom of a pair of photons, that are then in-
jected in the adjacent elementary links. The quan-
tum repeaters consist of 3 main devices. First of
all Quantum Non-Demolition (QND) measurement
devices herald the arrival of a photon from the el-
ementary link. The quantum state encoded in the
heralded photons is then loaded and stored in quan-
tum memories. When both memories are full, a joint
Bell State Measurement (BSM) is performed and the
result broadcast. This entanglement swapping proce-
dure allows to connect two adjacent entangled pairs
and, repeated in a recursive and hierarchical way, to
gradually extend the entanglement (see [23] for de-
tails). In consecutive nesting levels, the distance be-
tween the subsystems composing the entangled pairs
will be doubled, with n the maximal nesting level.
After n successful steps the entanglement is shared
between the end points of the chain, the parties A
and B.
In the case of scheme OO, the elementary links
consist of double inter-satellite links and hybrid inter-
satellite/down-link at the end points. In scheme
GG, instead, they consist of optical fibres, whose
transmittance ηf (l) = 10
−αl/10 decreases exponen-
tially with the length l, where the attenuation pa-
rameter is α = 0.17 dB/km at 1550nm. Scheme OG
on the other hand comprises double down-links from
the satellites towards two adjacent receiving stations
on the ground (as in Fig. 2). We discuss the losses
introduced by such satellite links in Sec. 3.2. After
an entangled pair is successfully shared between the
parties A and B, it can be used for any quantum in-
formation protocol, in particular QKD. In this cryp-
tographic primitive the two parties are connected by
an insecure quantum link, the repeater chain, and by
an authenticated classical channel. An eavesdropper
can tamper on the classical channel and freely inter-
act with the states sent over the quantum channel.
The parties have to devise a protocol that either cre-
ates a private key or aborts. A generic protocol usu-
ally comprises the exchange of quantum states with
successive measurements in random bases, base sift-
ing, parameter estimation, error correction and pri-
vacy amplification. In the following we apply the
well known asymmetric BB84 protocol [26], in which
the quantum states are prepared and measured in the
bases defined by the eigenstates of the X and Z Pauli
operators on qubits. For the security analysis [23] we
assume that the whole quantum repeater chain is un-
trusted, so, not only the quantum channels, but also
the sources on the satellites and the repeater stations
can be in the eavesdropper’s hands. We do not focus
on any specific implementation regarding the encod-
ing of the quantum information in the single photons.
For the satellite-based schemes polarization is feasi-
ble [16, 17, 18, 19] and promising, so we base the error
model on this assumption. In any case, the choice of
the encoding is strongly linked with the choice of the
quantum memory architecture and material. The se-
cret key rate depends on both the repeater rate and
the quality of the final shared entangled state. It is
estimated in the limit of an infinitely long key, based
on the considerations in [23], by:
RBB84QKD = Rrep Pclick Rsift r
BB84
∞ . (1)
In the expression above, Rrep represents the en-
tanglement distribution rate of the repeater chain,
Pclick the double detection probability, Rsift the sift-
ing ratio (assumed equal to 1 in our asymmetric and
asymptotic protocol) and rBB84∞ the BB-84 secret
fraction:
Rrep =
1
T0
P0 P
2
QND P
2
W
(
2
3
PES P
2
R
)n
(2)
Pclick = η
2
d r
BB84
∞ = 1− h(eZ)− h(eX) . (3)
In Eq. (2), the quantity 1/T0 represents the in-
trinsic repetition rate of the repeater architecture.
We assume here that the memories used here are
multi-mode [27, 28] (see [24] for additional discus-
sions) so that we can avoid to wait acknowledge-
ment from the adjacent stations that the photons
have been received, before proceeding with the pro-
tocol or emptying the memory. This allows us to
fix T0 = 1/Rs, with Rs the repetition rate of the
source. The memory bandwidth of the chosen mate-
rial limits the maximum repetition rate, that we fix
to 20 MHz for the following simulations [24, 29]. P0
is the transmittance of the elementary links which
depends on the scheme under study. We identify
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with P0 the average of the link transmittance over
one fly-by of the satellite for schemes OO and OG.
PQND, PW and PR are, respectively, the efficiency
of the QND measurement and the writing and read-
ing efficiency of the quantum memory. PES is the
success probability of the single entanglement swap-
ping process (we refer to Sec. 3.1 and [23] for de-
tails). The term 2/3 is connected with the average
amount of time that one has to wait until entangled
pairs in adjacent segments of the repeater chain are
successfully generated. It arises due to a commonly
employed approximation valid for small P0, which is
always valid in the cases under study (we refer to
[30] for further details and the exact solution). In
Eq. (3), ηd is the efficiency of the detectors used for
the final measurement of the photons. The secret
fraction rBB84∞ depends, through the binary entropy
h(p) = −p log2(p)−(1−p)log2(1−p), upon the error
rates in the X and Z bases, eX and eZ . In our sim-
ulations they are estimated tracking the evolution of
the state of the entangled pairs throughout the ES
process, starting from noisy elementary pairs. In a
practical experiment these error rates are the result
of the parameter estimation stage, in which the par-
ties make public a small subset of their measurement
results and compare them.
In the following we assume two-qubit systems and
we consider, without loss of generality, an entangled
state ρAB diagonal in the Bell basis
ρAB = pφ+ |φ+〉 〈φ+|+ pφ− |φ−〉 〈φ−|
+pψ+ |ψ+〉 〈ψ+|+ pψ− |ψ−〉 〈ψ−| (4)
with pφ+ + pφ− + pψ+ + pψ− = 1 and the Bell states
|φ±〉 = (|11〉±|00〉)/√2 and |ψ±〉 = (|10〉±|01〉)/√2.
It is possible to apply appropriate local twirling op-
erations that transform an arbitrary two-qubit quan-
tum state in a Bell diagonal state, without compro-
mising the security of the protocol [31]. This struc-
ture of the state simplifies the analysis because it
can be shown that starting from two Bell-diagonal
pairs, the resulting state after entanglement swap-
ping between two sub-systems is still Bell diagonal
and the new coefficients p′φ+ , p
′
φ− , p
′
ψ+ , p
′
ψ− can be
readily computed [23]. Then, the error rates along
the X and Z directions can be simply written as
eX = pφ− + pψ− eZ = pψ+ + pψ− . (5)
The Bell-diagonal state received by the adjacent
repeater stations is assumed to be, without loss of
generality, a depolarized state of fidelity F with re-
spect to |φ+〉
ρ = ρdep(F ) = F |φ+〉 〈φ+| (6)
+
1− F
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(|ψ+〉 〈ψ+|+ |ψ−〉 〈ψ−|+ |φ−〉 〈φ−|).
The fidelity F accounts for the initial fidelity of the
entanglement sources on the satellites and for the
noise model that describes the channel. A depo-
larized state is a natural choice as it corresponds
to a common and generic noise that well suits the
problem under study and, moreover, any two-qubit
mixed quantum state can be reduced to this form
using some (previously mentioned) local twirling op-
erations [32].
In the presence of environmental photons enter-
ing the receiver, the probability that the detection
was due to a signal photon from the adjacent satel-
lite can be estimated as
Ps =
Ns
Ns +Nn
, (7)
where Ns represents the number of signal photons
per time window that we expect to observe (propor-
tional to the transmittance of the channel) and Nn
is the expected number of environmental photons in
the same time window. Now, with the assumption
that environmental photons are unpolarized and un-
correlated to the signal photons, the final state the
repeater stations receive is modelled as a mixture of
the initial state sent by the sources ρ0 with the com-
pletely mixed state
ρ = Ps1Ps2ρ0 + (1− Ps1Ps2) I
4
, (8)
where I is the 4× 4 identity matrix and Ps1 and Ps2
refer to the receiving telescopes of the adjacent re-
peater stations.
Introducing the definition of the initial state
ρ0 = ρ
dep(F0) with the initial fidelity F0 and writ-
ing the completely mixed state in the Bell basis we
obtain, after comparison with Eq. (6),
F = Ps1Ps2F0 + (1− Ps1Ps2)1
4
. (9)
In Sec. 3.1 we show how to estimate the probabili-
ties Ps1 and Ps2 in the different cases and which are
the most important sources of environmental pho-
tons. The fibre-based implementation is substan-
tially immune to this problem and we neglected fur-
ther sources of error like basis misalignment, so the
state that the repeater stations received is actually
ρ0.
We point out that no entanglement distillation
[33] is performed in the protocol analysed here. If
high quality gates for the implementation of entan-
glement distillation are available, this operation may
allow to get higher key rates and reduce the thresh-
old on the initial fidelity of the pairs and the noise
filtering.
Now we discuss the results of the comparison be-
tween scheme OO and the other configurations. The
parameters employed for the simulations are given in
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Tab. 2 of the Methods section. In particular, for
schemes OO and OG, we assume the radii of the
main optical elements to be 25 cm for the emitters
and 50 cm for the receivers, values compatible with
mini-satellites and standard optical ground stations.
The transmittance of the free-space links is estimated
assuming an imperfect Gaussian beam and a sim-
ple model for the atmospheric extinction (more de-
tails in Sec. 3.2). Regarding detector and quantum
memory efficiencies, we assumed rather conservative
values, that either have already been achieved sep-
arately in different implementations or are expected
to be reached in the near future [24].
In Fig. 3 we show the secret key rate, see Eq. (1),
as a function of the total distance between the par-
ties for several interesting configurations of schemes
OO, GG and OG, in the range [1000, 20000] km.
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Figure 3: Secret key rate, see Eq. (1), as a function of
the total length of the link for the three schemes analysed
in this section. Here, n is the Maximal ES nesting level.
We refer to Tab. 2 in the Methods section for details about
the choice of parameters.
For this range of distances, maximal ES nesting
level n = 2, 3 are optimal, because for the chosen val-
ues of the parameters n ≥ 4 gives vanishing key rate.
We fix the altitude of the orbits at h = 500 km in
schemes OO and OG. For the latter, at the cost of
introducing additional losses, choosing higher orbits
has two positive effects: it allows to cover longer dis-
tances avoiding the detrimental effect of grazing an-
gle incidence in the atmosphere and makes the fly-by
duration longer (see Sec. 3.2 for details). In scheme
OO, instead, going to higher altitudes does not have
substantial positive effects.
The use of orbiting quantum repeater stations
clearly gives an important boost to the secret key
rate, enlarging at the same time the maximum reach-
able distance, see Fig. 3. Avoiding the effect of the
atmosphere allows to truly take advantage of the
quadratic scaling of the losses with the distance that
characterizes free-space optical channels in vacuum.
The proposed scheme OO outperforms schemes GG
and OG at every distance beyond ∼ 1000 km, by
orders of magnitude. In this case, n = 2 is enough
to achieve non-zero key rate at the longest necessary
distance. In Fig. 4 we focus instead on shorter dis-
tances, in which scheme OO performs again very well.
For the satellite implementations n = 0, 1 are opti-
mal in this case. With n = 0 schemes OO and OG
are identical, as there is just a double down-link to
the receiving stations of A and B on the ground [19].
In this case, since there are no quantum memories
that limit the usable repetition rate, we fix Rs = 1
GHz. This is the source of the advantage at L < 2000
km with respect to the other implementations. With
n = 1, scheme OO beats OG by a factor ∼ 10 in this
range of distances.
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Figure 4: The same considerations as in Fig. 3 apply,
but in this case we focus on short-to-medium distances.
It is important to notice that, while for the
ground implementation the link is available all day
long, the satellite fly-by duration lasts several min-
utes at most (see Sec. 3.2 for details). This means
that, if one is interested in the total amount of key
exchanged during a day between a specific pair of
users A and B, one has to multiply the key rates in
Fig. 3 and Fig. 4 by 60 × 60 × 24 = 86400 for the
ground implementation and by 50-500 for schemes
OO and OG (assuming a single passage). However,
as discussed later in Sec. 1.3, the satellites also give
coverage to other regions on Earth, allowing to oper-
ate links between different pairs of users in a single
orbit (and there are several orbits in one day).
We point out that unlike schemes GG and OG, in
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scheme OO we find links with different transmittance
along the repeater chain, in particular double inter-
satellite links and twice an inter-satellite + down-
link. The bottleneck given by the link with the lowest
transmittance determines the overall entanglement
distribution rate. For this reason, some parameters
need to be fixed in a smart way. For short distances,
the inter-satellite links have high transmittance, so
the bottle neck is given by the down-links. In this
case, increasing the size of the optics on the repeater
satellites is not helpful. For longer distances, instead,
the inter-satellite links become longer and lossier, so
enlarging the correspondent optics allows to improve
the bottleneck.
1.2 Pros and cons of orbiting quantum re-
peater stations
We showed in the previous section how scheme OO of
Fig. 1 reaches the highest key rate at all distances. In
this section we will list several additional advantages
of this configuration over the other two and discuss
the feasibility of its deployment.
First of all, it takes full advantage of inter-
satellite-links, which allow to completely avoid the
degrading effect of the atmosphere. Even if for down-
links the additional diffraction and beam deflections
introduced by the atmosphere are generally small
[22, 21, 34], the inevitable losses due to absorption
and backscattering in the air amount to 5-10 dB. In
scheme OG, in order for all the links to be active at
the same time, good weather conditions must hold in
all the intermediate repeater stations. This problem
is almost completely solved by scheme OO, for which
only the geographical sites of the two parties need to
have clear sky conditions. If the channel is divided in
2n elementary links, clear sky conditions must hold
in all the 2n + 1 sites on the ground (A, B and the
intermediate repeater stations) for scheme OG. Let
us assume that the probability of clear sky in all the
locations is pcs (uniform and independent). In USA,
for example, the sunniest city has pcs ' 0.7 [35], so
we assume this value. In this case, for n = 3, scheme
OO gives an additional advantage over scheme OG
equal to p
−(2n+1−2)
cs ' 12. If we analyse Fig.1, we
see that in scheme OO the satellites need to commu-
nicate with a single ground station at a time, unlike
scheme OG. For this reason, the fly-by time, that cor-
responds to the maximum time over which exchange
of quantum information is possible, is much longer in
scheme OO and independent of the distance between
the parties (see Fig. 5 in Sec. 3.2 for details). Finally,
while in scheme OO the system is able to link only
one pair of parties at a time, the chain of satellites
can cover the whole world, depending on the choice
of the orbit. In this way, a small number of satellites
can guarantee world-wide entanglement distribution,
as discussed more thoroughly in Sec. 1.3.
The implementation of a full-fledged quantum
repeater on a satellite introduces several addi-
tional technical challenges with respect to the other
schemes. However, in the remainder of this section
we will discuss how the main technologies needed
have been already developed and tested in the space
environment. The low temperature usually needed
for the operation of a quantum memory has already
been achieved in different experiments. Sub-nK tem-
peratures are expected to be achieved in a trapped
atom experiment onboard the International Space
Station [36, 37]. The same experiment also ensures
the ability to reach ultra high vacuum with ease, sta-
ble operation of lasers and microwave-radio sources
and sizeable artificial magnetic fields. Dilution re-
frigerators capable of reaching 50 mK with long life-
time have already been implemented in micro-gravity
conditions [38, 39, 40] and meet the requirements of,
for example, quantum memories based on silicon va-
cancy centres in diamond [29, 41]. The first stages
of the refrigerator, at ∼ 1K, can also be shared with
Superconducting Nanowire Single-Photon Detectors
(SNSPDs). The optical inter-satellite links necessary
for scheme OO do not comprise important techni-
cal difficulties and have already been experimentally
realized (e.g., during the SILEX mission of the Euro-
pean Space Agency [42]). In scheme OG the quantum
repeater components on the ground could easily be
updated over time with newer technology, which is
clearly unfeasible in scheme OO. However, we must
point out that the life-time of LEO satellites is quite
short, few tens of years at most, making it necessary
to update the hardware in any case.
1.3 Analysis of two simple orbital config-
urations
In this section we qualitatively analyse two types of
orbits that may be useful for long-distance entangle-
ment distribution and exemplify the potential of the
satellite-based scheme we proposed beforehand.
The first example consists in Sun-Synchronous
orbits, almost polar low Earth orbits that are en-
gineered to pass over a given location always at the
same time of the day. These orbits have already been
extensively used for all kinds of LEO satellites, from
basic research to Earth imaging. Using such orbits,
scheme OO would be able to connect cities along the
north-south direction. In order to achieve communi-
cation in the east-west direction one can use circular
orbits with suitable inclination with respect to the
equatorial plane, the most promising ones being be-
tween 30◦ and 60◦. Such orbits are particularly good
to link locations in the temperate and subtropical
6
Cities Distance [km] Ocean
New York - San Francisco 4000
New York - Madrid 5500 X
San Francisco - Tokyo 8500 X
Tokyo - Beijing 2000
Taipei - New Delhi 4500
Hong Kong - Dubai 6000
Beijing - Berlin 7500
Montreal - Paris 5500 X
Table 1: Exemplary city pairs selection. Pairs of locations of A and B that we consider as exemplification of the
global communication flow, with correspondent distance and whether the link presents long portions in the ocean.
regions which have roughly the same latitude. If we
are interested in serving mostly the northern hemi-
sphere, one can use on-board thrusters to rotate the
orbital plane during the year and keep the section of
the orbit above the equator in shade. The rotation
of the Earth allows every passage of the satellite to
cover a different region of the northern hemisphere.
In Tab. 1 we report an exemplary selection of pairs
of important cities, representing the global commu-
nication flow, that may be linked by one chain of
satellites (using n = 2 or n = 3) in a single night.
Considering that LEO satellites perform between 16
(h = 500 km) and 12 (h = 2000 km) orbits per day,
it is reasonable to assume that at least 7-8 long dis-
tance links may be achieved. In this case one wants
to be able to communicate between different pairs of
parties, characterised by different distances, using a
configuration of satellites fixed a priori. This means
that the number of elementary links 2n and the their
length need to be optimized depending on the set of
locations we are interested in. One also has some
freedom to alter the orbits after the launch and cus-
tom the network to the ever-changing needs of the
modern society. Examining Tab. 1, we see how some
of these links would be almost impossible to achieve
using scheme OG, that would require optical ground
stations in the middle of the ocean, highlighting the
advantage of scheme OO.
2 Discussion
In this paper we presented a scheme based on the
integration between satellite-based optical links and
quantum repeaters to achieve long-distance entan-
glement distribution and quantum key distribution.
Several LEO satellites, carrying quantum sources and
quantum repeaters, are linked together by means of
inter-satellite optical channels. The end-points of the
chain are instead linked to two parties on the ground
by down-links. We carefully analyse the repeater rate
of the chain and the fidelity of the final shared states,
taking into account the effect of different sources of
noise. In the end, we compute the asymptotic secret
key rate achievable using the BB-84 cryptographic
protocol. The asymptotic key rate is compared with
the rate achievable by an equivalent fibre-based im-
plementation and a different satellite-based configu-
ration [24], showing that the proposed scheme signif-
icantly outperforms the other approaches and allows
the building of a more efficient, reliable and flexible
quantum communication network. The implementa-
tion of the necessary technologies on a satellite has
been briefly analysed and seems feasible in the near
to mid-term future. The ability to share entangle-
ment and distribute keys without relying on trusted
nodes differentiate our results from previous works on
quantum satellite constellations [43]. The parame-
ters used in the simulations have been fixed to reason-
ably conservative values, that should be achievable
in the near future. Our analysis highlights how for
this conservative choice of memory parameters and
fidelity the satellite-based configurations with max-
imal nesting level n = 2 look more promising than
n = 3 for near- and mid-term implementation. For
better memories and sources the additional round of
entanglement swapping would be less costly and the
reduced losses in the elementary pairs would allow for
higher rates. A key factor in deciding the best solu-
tion for entanglement distribution on a global scale
is the cost, that we qualitatively estimate in the fol-
lowing. In order to compare the different schemes we
assume the pairs of cities in Tab. 1 as a benchmark.
For scheme GG, we assume that all the pairs of cities
are connected by separate fibre links. We take as
base price the cost of the Shanghai-Beijing quantum
network (∼ 100 million euro for 2000 km total length,
based on trusted repeaters, [44]). This gives a total
of 2.2 billion euro, without considering the additional
costs related to the quantum repeaters and the fact
that links under the ocean would be more expen-
sive to install. For scheme OG, considering n = 2,
we need 4 source satellites, 3 intermediate repeater
stations for every link and one receiving station per
city (12). Assuming 50 million euro per satellite [45]
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(Micius costed ∼ 100 million dollar including devel-
opment [46]), 2 million per ground station [47] and
20 million per ground station in the ocean, we reach
a total of 430 million euro. For scheme OO, con-
sidering again n = 2, we need 4 source satellites, 3
repeater satellites and one receiving station per city
(12). We assume again 50 million euro per source
satellite, 150 million per repeater satellite [45] and 2
million per ground station, summing up to 674 mil-
lion euro. We deduce that scheme GG is the most
expensive one and also gives completely unsatisfying
key rate, calling for the use of different quantum re-
peater architectures [12]. Scheme OO is about 50%
more expensive than scheme OG, but gives a total
advantage in performance of a factor ∼ 1000, consid-
ering both higher key rate and availability of the link.
In summary, the global quantum channels analysed
in this work, built through the integration of satellite-
based links and repeater nodes, can be envisaged to
represent the backbone of the future Quantum Inter-
net [48, 49, 50, 51].
3 Methods
3.1 Error model and environmental pho-
tons
In this section we will discuss additional aspects re-
garding the noise model used for the simulations of
Sec. 1. In order to compute the probabilities Ps1 and
Ps2 of Eq. (9) we need an estimate of the number of
environmental photons per time window at the re-
ceiver. In the case of scheme OG all the receivers are
on the ground and we can consider the same back-
ground light for every site. We assume that the re-
ceiving telescope has radius r, field of view Ωfov and
that we apply spectral and temporal filtering with
widths Bf and ∆t = 1/Rs. If the artificial light pol-
lution is negligible, the power received by the tele-
scope can be expressed as follows [52]
Pnoise = HbΩfovpir
2Bf . (10)
The parameter Hb is the total brightness of the sky
background and it depends on the hour of the day
and the weather conditions. From Eq. (10) we derive
the number of photons per time window
Nnoise =
Hb
hν
Ωfovpia
2Bf ∆t , (11)
where h is the Planck constant and ν is the frequency
of the background photons. Typical values of the
brightness of the sky at the wavelength under study
are Hb = 10
−3 W m−2 sr µm during a full-Moon
night (this value has been used in the simulations in
the main text) and Hb = 1 W m
−2 sr µm for a clear
sky in day-time.
In scheme OO we have receivers on the ground (at
the parties A and B) and in LEO. The latter ones are
used in inter-satellite links, so they are pointing to-
wards the adjacent satellites, in a direction more or
less tangent to the Earth’s surface and atmosphere.
Due to the narrow field of view, they will receive prac-
tically no light reflected or diffused from the Earth
and the atmosphere. The background light from ce-
lestial objects should be negligible and so should be
any reflection coming from the sending satellite [20].
This means that the intermediate repeater nodes will
be affected by almost no additional noise and only the
photons that are sent towards parties A and B at the
two ends of the chain will mix with environmental
light. However, in order to simplify the analysis, we
assume in the simulations that all the photon pairs
have the same noise level as the ones comprising the
down-link, getting a lower bound on the final secret
key rate.
Another source of errors is represented by dark
counts in the detectors used for the BSM. We assume
here the standard linear optics setup for polarization-
entanglement, in which the photons read from the
memories are let interfere on a beam splitter. The
light coming out of the two output ports is then
analysed using two polarizing beam splitters and 4
single photon detectors. The different click patterns
allow to distinguish two out of the four possible Bell
states in input. In this case the success probability
of the entanglement swapping procedure PES , used
in Eq. (2) of the main text, can be expressed as [23]
PES =
1
2
{[1− pdark][ηd + 2 pdark(1− ηd)]}2 , (12)
where pdark is the detector dark count probability
and ηd their efficiency.
So far we considered the imperfections of the
quantum memories limited to non-unity writing and
reading efficiencies. Decoherence in the memories
should be addressed too, especially because very long
distances beyond 10000 km correspond to long com-
munication times of tens of ms. As discussed in [24],
such long coherence times should be achievable by
transferring the optical memory excitations to the
ground spin states, for example in systems based
on Eu-doped yttrium orthosilicate. Electronic spin
states can be transferred to long-lived nuclear spin
states in silicon-vacancy centres in diamond. In our
simulation, such a modification would correspond to
a lower value of the writing efficiency PW and would
act in the same way on the different implementations,
not changing the comparison between them.
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3.2 Modelling the orbits and the trans-
mittance of the satellite links
In this section we will give some details about the or-
bit model and how the transmittance of the satellite-
based optical links has been computed. We assume
circular orbits at altitude h above the ground and
that, for simplicity, they lie in the equatorial plane.
The ground stations are likewise put along the equa-
tor. The results of the paper can be extended to
repeater chains in different sites of the globe by us-
ing suitable orbits (e.g., Sun Synchronous LEO). The
law of motion of the satellites and the relative posi-
tion with respect to the ground stations have then
been computed using simple geometrical considera-
tions and the law of gravitational force, without any
relativistic correction. In scheme OG, we define the
fly-by as the period of time during which the satel-
lite is in line-of-sight contact with both the adjacent
ground stations. To be in contact, we suppose that it
must be at an elevation angle, in the local coordinate
frame of the ground stations, greater than a thresh-
old that we set to 15◦ [16]. The duration of the fly-by
depends on the altitude of the satellite (that also fixes
the angular speed), on the orbital direction (the same
or opposite to the rotation of the Earth) and on the
distance between the ground stations, fixed by the
total distance L and n.
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Figure 5: Fly-by duration as a function of the total dis-
tance between A and B, for different values of the maximal
ES nesting level n and altitude (fixed at 500 km where not
specified). Notice that for scheme OO the duration is in-
dependent of L and n ≥ 1.
The effect is shown in Fig. 5, where it is evident
how the fly-by duration goes to 0 when the distance
between the ground stations becomes too large. This
is not true for scheme OO, where it only depends on
the altitude and it is independent of the distance L
for n ≥ 1.
In the remainder of this section we will out-
line the methodology used to estimate the instan-
taneous value of the transmittance of the free-space
links. The beam effects introduced by the atmo-
sphere [22, 21, 34], like additional beam wandering
and broadening, are neglected in this work, as their
effect is small compared to the strong geometrical
losses due to the intrinsic diffraction. Same holds
for losses related to pointing inaccuracy. We assume
that the transmitter on the satellite generates a col-
limated imperfect Gaussian beam with initial beam
waist W0 and quality factor M
2 [53]. The value of the
parameter M2 has been fixed to match the far-field
divergence of the imperfect Gaussian beam to the one
observed for the mission Micius [16, 17, 18, 19]. If we
suppose that smaller values of M2 can be achieved
(better correction of optical aberrations) the value of
the transmittance of the free-space links can easily
go up of a factor {5− 10}.
The atmosphere introduces losses due to absorp-
tion and back-scattering that depend on the eleva-
tion angle θ of the source and the frequency of the
light. We fix the wavelength λ = 580 nm, the oper-
ating wavelength of Eu-doped yttrium orthosilicate
memories [28], also a good compromise considering
atmospheric extinction and diffraction.
The beam waist of a collimated imperfect Gaus-
sian beam will broaden during the propagation in
vacuum, following the relation [54]
W (z) = W0
√
1 + (zM2/zR)2 . (13)
In the far field limit z  zR/M2, with zR = piW 20 /λ
the Rayleigh parameter of the beam with wavelength
λ, Eq. (13) is linear in the distance z. Now we com-
pute the integral of the Gaussian intensity distribu-
tion at the receiver, with beam waist W (z = z¯), in-
side a circular region with radius R, obtaining
ηdiffr(z¯) = 1− exp
[
− 2 R
W 2(z¯)
]
. (14)
This corresponds with the transmittance of the im-
perfect Gaussian beam through the receiving aper-
ture of radius R, when the beam is perfectly aligned
and centred. This formula can be directly employed
for the inter-satellite links of scheme OO, while we
multiply it by the factor χext(θ) = exp[−β sec(θ)] to
take into account atmospheric extinction. β depends
on the site and the atmospheric condition (see [21]
for details).
The instantaneous value of the transmittance of
the double link from the source to the adjacent re-
peater stations is then averaged over the fly-by and
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Parameter Value Brief description Eq./Sec. Ref.
Pdark 10
−5 Detector dark click probability Eq. (12) [55, 56]
ηd 0.9 Detector efficiency Eq. (3) [55, 56]
PW 0.9 Memory writing efficiency Eq. (2) [23, 24, 57]
PR 0.9 Memory reading efficiency Eq. (2) [23, 24, 57]
PQND 0.5 QND measurement efficiency Eq. (2) [23, 24, 57]
Rs 20 MHz Repetition rate of the source Sec. 1.1 [24, 57]
Rdirects 1 GHz Repetition rate for direct transmission Sec. 1.1 [24, 57]
α 0.17 dB/km Fibre loss coefficient at 1550nm Sec. 1.1 [23]
W0 0.25 m Beam width at the transmitter Eq. (13) [16, 21, 24]
ROO 0.5 m Radius of the receiver telescope, scheme OO Eq. (14) [16, 21, 24]
ROG 0.5 m Radius of the receiver telescope, scheme OG Eq. (14) [16, 21, 24]
λ 580 nm Wavelength of the light, schemes OO and OG Sec. 3.2 [24, 28]
M2 3 Quality factor of the Gaussian beams Eq. (13) [16, 53]
β 1.1 Atmospheric extinction parameter at 580nm Sec. 3.2 [21]
F0 0.98 Initial pair fidelity Eq. (9) [23]
Hb 1.5 µWm
−2 sr−1nm−1 Total brightness of the sky background Eq. (11) [52, 58]
Ωfov (20 10
−6)2sr Field of view of the receiver Eq. (11) [52, 58]
Bf 0.5 nm Spectral filter bandwidth Eq. (11) [52, 58]
∆T 1/Rs Time filter bandwidth Eq. (11) [52, 58]
Table 2: Parameters used in all the simulations in Sec. 1. The parameters have been chosen to represent a reasonable
prediction of what can be achieved in the near future. Superconducting Nanowire Single-Photon Detectors (SNSPDs)
with low dark count rates and efficiencies exceeding 90% have already been realized at different wavelengths [55, 56].
The quantum memory and heralding parameters have been already used in other theoretical studies [23, 24] and the
recent developments in the field make them reasonable [57]. The size of the optical elements is a plausible improvement
over past experiments [16, 17, 18, 19] and is also compatible with low-cost optical ground stations. The parameters
regarding the environmental light filtering should be reasonably easy to achieve and even improve [52, 58].
this quantity is used in Eq. (2) of the main text, la-
belled as P0. Scheme OO contains two types of links,
double inter-satellite links and twice an inter-satellite
+ down-link. For every configuration we compare the
transmittance of the two types of links and used as
P0 the smaller one, that represents the bottleneck in
the chain.
In Tab. 2 we report the values of the most impor-
tant parameters used in the simulations of Sec. 1.
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